We observed B1600+434 and B1608+656 with CXO/ACIS, detecting both quasar images in B1600+434 and three of four images in B1608+656. We did not detect significant X-ray emission from nearby galaxy groups or clusters associated with each lens galaxy. The upper limits on the X-ray luminosity of any cluster within 4 ′ of each lens and at each lens redshift are of ∼ 2 × 10 42 and ∼ 6 × 10 42 erg s −1 for B1600+434 and B1608+656, respectively. The radio-loud source quasars have power-law photon indices of Γ = 1.9 ± 0.2 and Γ = 1.4 ± 0.3 and X-ray luminosities of 1.4
Introduction
The radio-loud gravitational lenses B1600+434 and B1608+656 were discovered in the Cosmic Lens All Sky Survey Myers et al. 1995) . B1608+656 was also discovered independently by Snellen et al. (1995) . B1600+434 is a two image system separated by 1 ′′ .4 with source redshift z = 1.59 Fassnacht & Cohen 1998) . The lens galaxy of B1600+434 is an edge-on early-type spiral galaxy at z = 0.41 (Jaunsen & Hjorth 1997; Fassnacht & Cohen 1998) . B1608+656 is a four image system about 2
′′
.1 across with a source redshift at z = 1.39 (Fassnacht et al. 1996 ) and a lens redshift at z = 0.63 . The lens of B1608+656 consists of two interacting elliptical galaxies within the Einstein ring. In addition, HST observations have detected extended images of the AGN host galaxies in both systems (Jackson et al. 1998; Kochanek et al. 1999; Kochanek, Keeton, & McLeod 2001; .
One of the important applications of gravitational lenses is to constrain the Hubble constant (Refsdal 1964) or alternatively, the dark matter distribution in the lens galaxy, through time-delay measurements between the lensed images. The time-delays in both B1600+434 and B1608+656 have been measured Koopmans et al. 2000; Burud et al. 2000) . Modeling of the two gravitational lenses has been carried out by several studies (e.g., Koopmans et al. 2003; Kochanek 2002 Kochanek , 2003 . In most studies, there are model degeneracy problems in that a number of models can reproduce the limited number of constraints and predict different Hubble constant values based on each time delay measurement. Therefore, it is important to map the mass distribution close to the lens galaxy with other independent methods to better constrain the lens models. In many lenses, galaxy groups or clusters close to the lenses provide non-negligible contribution to the lens potential (Keeton & Zabludoff 2004; Fassnacht & Lubin 2002) . X-ray observations are particularly important in this respect because they can accurately constrain the positions and masses of the galaxy groups or clusters. In particular, the centroid of the X-ray emission from the intracluster gas provides a more accurate measurement of the cluster's position than optical studies. X-ray clusters or groups have been observed in the lenses RX J0911.4+0551, Q0957+561, B1422+231, and PG 1115+080 Chartas et al. 2002c; Raychaudhury, Saha, & Williams 2003; Grant et al. 2004 ).
The superb angular resolution of Chandra also allows us to resolve the lensed quasar images if they are separated by more than 0 ′′ .5. Thus, besides constraining the properties of galaxy groups or clusters, X-ray observations of gravitational lenses can also be used to constrain the sizes of quasar X-ray emission regions (Dai et al. 2003; Chartas et al. 2002a , to measure ultra-short time delays between lensed images Dai et al. 2003; , and to study the interstellar medium of the lens galaxies (e.g., Dai et al. 2003) . In addition, the flux magnification provided by gravitational lensing facilitates studies of objects that are intrinsically X-ray faint, such as broad absorption line quasars (Chartas et al. 2002b; Gallagher et al. 2002) and high redshift quasars .
In this paper, we present results from Chandra observations of B1600+434 and B1608+656. We discuss the data acquisition and processing in §2, the spectral properties of the lensed quasars in §3, our limits on the presence of X-ray luminous groups or clusters in §4, and the serendipitous sources in the fields in §5. We assume cosmology with H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7 throughout the paper.
Observations and Data Reduction
We observed B1600+434 and B1608+656 with the Advanced CCD Imaging Spectrometer (ACIS; Garmire et al. 2003) onboard Chandra (Weisskopf et al. 2002) for ∼ 30.2 ks and ∼ 29.7 ks on 2003 October 7, and 2003 September 21, respectively. The data were taken continuously with no interruptions during each observation, and there were no significant background flares during the observations. Both gravitational lenses were placed on the back-illuminated ACIS-S3 chip, where the aim points of the observations are located, and the data were taken in the TIMED/VFAINT mode. B1600+434 was placed near the aim point of the observation (∼8 ′′ off-axis) and B1608+656 was placed much further from the aim point about ∼75
′′ off-axis. The latter lens was shifted off-axis to ensure a galaxy clump in the HST images would stay in the field. This configuration was used to maximize the sensitivity for detecting nearby galaxy groups or clusters that might contribute to the lensing and affect estimates of the Hubble constant. The data were reduced with the CIAO 3.1 software tools provided by the Chandra X-ray Center (CXC). We improved the image quality of the data by removing the pixel randomization applied to the event positions in the CXC processing and by applying a subpixel resolution technique Mori et al. 2001) . In the data analysis, only events with standard ASCA grades of 0, 2, 3, 4, and 6 were used.
Lensed Quasars
We first discuss the X-ray properties of the lensed quasars in both lens systems. The imaging and spectral analysis are discussed in §3.1 and §3.2 and the X-ray flux ratios of the lensed images are estimated in §3.3.
Imaging Analysis
We analyzed images limited to the 0.2-8 keV band where we detected a total of 332 and 84 net events for B1600+434 and B1608+656, respectively. The raw and smoothed Chandra The situation is more complicated in B1608+656 due to the large number of images with smaller minimum separations, but also because the count rate of the lens is lower. The relatively larger off-axis angle does not degrade the point spread function (PSF) very much. We simulated the PSF using the ChaRT (Carter et al. 2003) and MARX (Wise et al. 1997) tools and found the 50% encircled energy contour is of ∼0
′′
.5 radius as opposed to ∼0 ′′ .4 on axis. Three out of four lensed images are clearly detected. Image B is well separated, but images A and C are merged. We fit the image assuming there are three point images of A, B, and C constraining the relative quasar position to match the CASTLES H-band relative position and using the above mentioned PSF model. However, we are unable to obtain a stable solution. This may be due to the low count-rate of the source or it may indicate that the images are not point sources. We note that there are some X-ray events about 1 ′′ Northwest to image A and we are unable to determine whether these events belong to image A or from other unidentified sources. The HST images do not show any source at the corresponding position other than part of the Einstein ring image of the host galaxy. Image D is not detected by the Chandra observation. The non-detection of image D could be caused by small number statistics -additional absorption is not required to mask the image.
Spectral Analysis
We extracted spectra for each quasar using the CIAO tool psextract and fit them using XSPEC V11.3.1 (Arnaud 1996) within the 0.4-8 keV observed energy range. We note that in CIAO 3.1 the recently observed decline in the low energy quantum efficiency of ACIS, possibly caused by molecular contamination of the ACIS filters, is already accounted for by the psextract tool. Therefore, we did not perform any other corrections beyond that. 
B1600+434
We extracted both the combined spectrum of both images within a circle with 5 ′′ radius about the centroid of the combined image and individual spectra of images within 0 ′′ .7 radius circles about the centroids of images A and B, respectively. We extracted the background spectrum within an annulus with inner and outer radii of 10 ′′ and 30 ′′ . We fitted the spectra of B1600+434 with a series of models summarized in Table 1 . We first modeled the spectrum as a power-law modified by Galactic absorption. This model gives a reasonable fit with χ 2 = 16.3 for 18 degrees of freedom (dof). However, the column density obtained for Galactic absorption, N H = (14±4)×10 20 cm −2 , is much higher than the expected N H = 1.3×10 20 cm −2 (Dickey & Lockman 1990 ). This exercise indicates that additional absorption components are needed to interpret the spectrum. These additional absorption components can be either intrinsic to the quasar, located in the quasar host galaxy, or in the lens galaxy. We found that adding a neutral absorption component at the redshift of either the quasar or the lens can produce an acceptable fit with χ 2 = 16.1 for 18 dof and χ 2 = 15.8 for 18 dof, respectively, for absorption at the quasar and lens redshifts. The absorption column densities obtained are N H = (90±40)×10 20 cm −2 and N H = (22±8)×10 20 cm −2 for absorption at the quasar or lens redshift, respectively. The combined spectrum and the best fit model with absorption at the lens redshift are shown in Figure 2a . The estimate of the intrinsic photon index is around Γ ∼ 1.9 for both models with observed 0.4-8 keV band flux of 6.9 +0.7 −1.1 ×10 −14 erg cm −2 s −1 , and lensed, unabsorbed X-ray luminosities in the 2-10 keV and 1-20 keV band rest frame of 7.6 +1.6 −0.2 ×10 44 and 1.4
+0.2
−0.1 ×10 45 erg s −1 , respectively. We note that the lensing magnification must be included in order to obtain the unlensed luminosity. Falco et al. (1999) interpreted the wavelength dependence of the image flux ratios as due to ∆E(B − V ) = 0.1 of differential extinction obscuring image B. We also see in the spectra of the image that image B has proportionally less soft X-ray emission so that differential absorption must be intrinsic to the lens. To estimate this differential absorption we simultaneously fit the individual spectra of images A and B constrained to have the same intrinsic power-law photon index and Galactic absorption column density but allowed to have different absorption column densities at the redshift of the lens. The best fit model is shown in Figure 2b . This model also results in acceptable fit with a χ 2 = 13.1 for 12 dof as compared to χ 2 = 16.4 for 13 dof if we do not allow for differential absorption. The improvement of the fit by allowing for differential absorption is significant at the 90% confidence level according to the F-test 2 indicating that the X-ray data are consistent with, but do not require, column density variations. The photon index obtained in this fit is slightly steeper than for the previous fits in part because the small extraction regions used to obtain individual spectra of the images to the loss of some hard X-ray photons. The absorption column densities at the lens for images A and B are N H = (21 ± 11) × 10 20 cm −2
and N H = 47
+21
−17 × 10 20 cm −2 , respectively, and the differential absorption between the two images is ∆N H ∼ 3 × 10 21 cm −2 as shown in Figure 3 . This indicates that the N H determined from the two spectra are different at the 90% confidence level with higher N H for image B. This is consistent with the lens configuration, where the lens galaxy is much closer to image B than to image A. Comparing with the estimated differential extinction of ∆E(B − V ) = 0.1 mag between images A and B , we obtained a dust-to-gas ratio of 2.6 +1.9 −1.5 × 10 22 mag −1 cm −2 within a factor of five from the Galactic value, 5.8 × 10
21 mag −1 cm −2 (Bohlin, Savage & Drake 1978) .
B1608+656
We extracted the combined spectrum of all the images of B1608+656 within a 5 ′′ radius circle centered on the source. We extracted the background spectrum within an annulus with inner and outer radii of 10 ′′ and 18 ′′ . The background subtracted spectrum consists of only 86 net events with a count-rate of 2.9×10 −3 count s −1 , making a spectral analysis of the individual images impossible. We modeled the spectrum with a power-law modified by Galactic absorption. This simple model fits the spectrum quite well, with χ 2 = 3.3 for 3 dof. The parameters are presented in Table 1 and the spectrum and the best fit model are shown in Figure 2c . The power-law photon index and Galactic N H are constrained to be Γ = 1.4 ± 0.3 and N H < 6.4 × 10 20 cm −2 consistent with the expected Galactic column density of N H = 2.7×10 20 cm −2 (Dickey & Lockman 1990 ). If we fix the Galactic absorption to this value the fits are consistent with no additional absorption at either the lens or quasar redshift with upper limits on absorption column of N H < 10 21 and < 2 × 10 21 cm −2 at the redshift of lens or quasar, respectively. There is differential extinction in B1608+656 as well, but it is most significant for image D which we failed to detect. Our upper limit on the flux of D is not strong enough to estimate a dust-to-gas ratio. The X-ray flux in the observed 0.4-8 keV band is 2.3 ± 0.5×10 −14 erg cm −2 s −1 , and the lensed, unabsorbed X-ray luminosities in the 2-10 keV and 1-19 keV band rest frame are 1.5
44 and 2.9 ) and assuming a standard dust-to-gas ratio of 5.8 × 10 21 mag −1 cm −2 (Bohlin et al. 1978) .
Flux Ratios
We estimated the absorption corrected flux ratio between images A and B of B1600+434 using XSPEC in the 0.4-8 keV band and obtained a flux ratio of B/A = 0.57 ± 0.11. We compare this to the time delay corrected flux ratios obtained for the optical and radio bands (Koopmans et al. 2000; Burud et al. 2000) in Table 2 . For B1608+656 we estimated the flux ratios based on the image count rates because of the low S/N of individual images. In addition, we estimated the count rate of combined images A and C since it is difficult to resolve the two images. The result for B1608+656 is listed in Table 3 . The flux ratios in X-rays are consistent with the time delay corrected flux ratio in the radio band in B1608+656 ).
Cluster Analysis
It is important to constrain the mass and central location of any nearby groups or clusters to construct a better lens model. We performed source detection on the two Chandra observations over the full ACIS fields using the CIAO tool wavdetect (Freeman et al. 2002) provided by CXC and did not find significant extended X-ray emission in either field. We also smoothed the image with the csmooth (Ebeling, White, & Rangarajan 2000) software tool to detect any extended sources within 4 ′ of the lens galaxies in the ACIS-S3 and S2 fields in both observations. We removed the point sources detected by wavdetect before the smoothing process. However, the smoothed images do not show significant (above 3σ) extended emission close to the lens galaxies in either field. We also smoothed the soft X-ray band images between (0.4-2 keV) to increase the signal-to-noise ratio, as the X-ray emission from the cluster or group is expected to be stronger in the soft X-ray band, and did not find significant extended emission above 3σ. We note that there are two low significance extended sources (about 2.5σ) present close the lenses at R.A. ′′ (J2000) with a 2σ contour radius of ∼5 ′′ in the field of B1608+656. However, these sources have low signal-to-noise ratios and could be simply be background fluctuations. In addition, many events in these peaks have energies below 0.4 keV where the calibration uncertainty is large. A longer observation would be required to have any confidence in their existence, so we proceed on the assumption that they are background fluctuations.
We used the background count rates to estimate upper limits on the fluxes of any group/cluster in the two fields. We assumed gas temperature of ∼1 keV when converting from count rates to flux. This temperature consistent with the upper limits of X-ray luminosities 
Note. -All derived errors are at the 68% confidence level.
a Absorption component at the quasar or lens redshift.
b Flux is estimated in the 0.4-8 keV observed band without magnification correction.
c Simultaneous fits to the individual spectra of images A and B of B1600+434. The two spectra are constrained to have the same intrinsic power-law photon index and Galactic absorption column density but can have different absorption column densities at the redshift of the lens. References. -(a) Fassnacht et al. (1999) obtained from our analysis. The background count rate in the 0.4-2 keV band for B1600+434 is 5.8 × 10 −7 count s −1 arcsec −2 . In the analysis, we used an aperture size of 100 kpc radius to limit the effects of any systematic errors in the background estimate. This aperture size is large enough for the groups with luminosities below 10 43 erg s −1 (Osmond & Ponman 2004) . For a 100 kpc radius at the redshift of the lens (z = 0.41), the 3σ upper limit of the X-ray flux is 3.4 × 10 −15 erg cm −2 s −1 , which corresponds to an X-ray luminosity of ∼ 2 × 10 42 erg s
The background flux in the 0.4-2 keV band for B1608+656 is 5.3 × 10 −7 count s −1 arcsec −2 . For a 100 kpc radius at the redshift of the lens (z = 0.63), the 3σ upper limit of the X-ray flux is 3.5 × 10 −15 erg cm −2 s −1 , which corresponds to an X-ray luminosity of ∼ 6 × 10 42 erg s
We used the standard L X -T X , σ-T X , and σ-L X relations (e.g., Girardi et al. 1996; Helsdon & Ponman 2000; Xue & Wu 2000; Mahdavi & Geller 2001; Kochanek et al. 2003; Osmond & Ponman 2004) for groups and clusters to estimate upper limits for the velocity dispersion of any cluster of σ ∼ 400 and ∼ 500 km s −1 for B1600+434 and B1608+656 respectively. The large scatter of the relations were considered when estimating the upper limits. Considering a singular isothermal sphere model for the group or cluster, the lens potential, φ, from the group/cluster is
where D LS and D OS are angular diameter distances from the lens to source and observer to source, and r is the angular distance from the lens to the group/cluster. Thus, the lens strength, b, is constrained to have upper limits of b < ∼ 3 ′′ .0 and < ∼ 3
′′
.2 for B1600+434 and B1608+656 respectively.
Serendipitous Sources
We also cataloged the serendipitous point sources in the two fields using the CIAO tool wavdetect. The source detection was performed on each CCD separately with a detection threshold of 10 −6 . The detection threshold was set as the inverse of the total number of pixels in the binned images. We detected 75 and 82 serendipitous sources in the B1600+434 and B1608+656 fields, respectively. The detection threshold corresponds to a flux limit of roughly 2 × 10 −15 erg cm −2 s −1 and the numbers of sources are consistent with standard estimates for the source numbers at this flux limit (e.g., Cowie et al. 2002 , and references there in).
The Chandra field of B1600+434 is included in DR3 of the Sloan Digital Sky Survey (SDSS, Abazajian et al. 2004 ). We searched for optical counterparts of the X-ray sources within a 2 ′′ radius, which corresponds to the largest error bars for the Chandra positions, and allows the inclusion of counterparts that have slight offsets between the optical and X-ray centroids, such as the ultra-luminous X-ray sources seen in nearby galaxies. We found counterparts for 27 of the 75 X-ray sources, 13 of which are flagged as quasar candidates in the SDSS catalogs. The properties of the serendipitous sources and the optical counterparts are listed in Table 4. B1608+656 field is not covered by SDSS, and so we used the Palomar Digital Sky Survey (DPOSS, Djorgovski et al. 2003) survey to identify the counterparts. The lens position in the Chandra and DPOSS images are offset by approximately 1 ′′ .5, so we used a slightly larger radius to identify optical counterparts. We found 27 optical counterparts out of the 82 X-ray sources. The properties of the serendipitous sources and the optical counterparts in B1608+656 field are listed in Table 5 .
Summary
We present results from Chandra observations of the gravitational lenses B1600+434 and B1608+656. We resolved the two lensed images in B1600+434 and three of four images in B1608+656. We did not detect the faintest image D in B1608+656. The analysis of B1608+656 was complicated by the small minimum image separation and the low countrate of the lensed image D. We could not find a stable solution for the X-ray flux ratios even if we fixed the image positions to those inferred from HST observations. A longer observation would be needed to constrain the flux ratios of the individual X-ray images of B1608+656.
We also performed a spectral analysis of the lensed quasar images and detected differential absorption column density of ∆N H ∼ 3 × 10 21 cm −2 between the two images of B1600+434. The improvement of the fit by allowing differential absorption is significant at the 90% confidence level indicating that the X-ray data are consistent with, but do not require, column density variations. Comparing with the estimated differential extinction of ∆E(B − V ) = 0.1 mag between images A and B ), we obtained a dustto-gas ratio of 2.6 +1.9 −1.5 × 10 22 mag −1 cm −2 within a factor of five from the Galactic value. Considering the patchiness of the interstellar medium, a factor of five difference may not be significant enough to conclude that the dust-to-gas ratio of the lens galaxy in B1600+434 is higher than that of the Milky Way. However, this trend is consistent with the cases in B0218+357 (z l = 0.68) and PKS 1830-211 (z l = 0.89, Falco et al. 1999) , where the estimated dust-to-gas ratios in the lens galaxies were higher than the Galactic value. It is, however, the opposite of the situation found in Q2237+0305 (z l = 0.04, Dai et al. 2003) . A larger sample is needed to investigate the average dust-to-gas ratios in high redshift (z > 0) galaxies. There is differential extinction in B1608+656 as well, but it is most significant for image D which we failed to detect. Our upper limit on the flux of D is not significant enough to estimate a limit on the dust-to-gas ratio. The differential absorption measured between different images in gravitational lenses may serve as a convenient probe to study the gas content in high redshift galaxies since it can separate the absorbing column originated from the lens galaxy and those intrinsic to quasars.
We did not detect significant X-ray emission from nearby galaxy groups or clusters associated with the lens galaxies. We found upper limits on the X-ray luminosity of any cluster at the lens redshift and within 4
′ from the lenses of ∼ 2 × 10 42 and ∼ 6 × 10 42 erg s −1
for B1600+434 and B1608+656, respectively. Considering standard cluster relations between X-ray luminosity, temperature, and velocity dispersion and assuming a singular isothermal sphere model for the group/cluster, we obtained upper limits of the lens strength parameter, b, of 3
′′
.0 and 3
.2 for B1600+434 and B1608+656 respectively. With such a tight limit, only the poor groups to which each lens belongs could be contributing to the lens potential.
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